Protein phosphatase 1 (PP1) is a major serine/threonine phosphatase that controls gene expression and cell cycle progression. Here we describe the characterization of a novel inhibitory molecule for PP1, human inhibitor-5 of protein phosphatase 1 (IPP5). We find that IPP5, containing the PP1 inhibitory subunits, specifically interacts with the PP1 catalytic subunit and inhibits PP1 phosphatase activity. Furthermore, the mutation of Thr-40 within the inhibitory subunit of IPP5 into Ala eliminates the phosphorylation of IPP5 by protein kinase A and its inhibitor activity to PP1, whereas the mutation of Thr-40 within a truncated form of IPP5 into Asp can serve as a dominant active form of IPP5 in inhibiting PP1 activity. In IPP5-negative SW480 and IPP5-highly positive SW620 human colon cancer cells, we find that overexpression of IPP5 promotes the growth and accelerates the G 1 -S transition of SW480 cells in a Thr-40-dependent manner, which could be reversed by downregulation of the PP1 expression. Moreover, silencing of IPP5 inhibits the growth of SW620 cells both in vitro and in nude mice possibly by inducing G 0 /G 1 arrest but not by promoting apoptosis. According to its role in the promotion of cell cycle progression and cell growth, IPP5 up-regulates the expression of cyclin E and the phosphorylated form of retinoblastoma protein. Our findings suggest that IPP5, by acting as an inhibitory molecule for PP1, can promote tumor cell growth and cell cycle progression, and may be a promising target in cancer therapeutics in IPP5-highly expressing tumor cells.
The reversible phosphorylation of proteins, catalyzed by protein kinases and phosphatases, is a major mechanism for regulation of diverse cellular processes such as cell cycle progression, protein synthesis, transcription, and receptor signaling (1) (2) (3) (4) . Protein phosphatase 1 (PP1) 3 is a major eukaryotic protein serine/threonine phosphatase and participates in control of growth processes. Whereas G 1 /S cyclin-dependent kinases (CDKs) phosphorylate RB on defined sites (5-7), PP1 isoforms (8, 9) de-phosphorylate these sites in RB (9) . The balance between these two opposing regulatory mechanisms determines the phosphorylation and activation state of RB (10) , ultimately controlling cell cycle progression. Down-regulation of Fer, a nuclear and cytoplasmic intracellular tyrosine kinase, has been shown recently to induce cell cycle arrest via activating PP1 activation in malignant cells (11) .
PP1 consists of catalytic subunit and regulatory subunits that act as substrate specifiers and anchor the holoenzymes in specific cell compartments in close vicinity to their substrates. It has been estimated that mammalian cells contain 50 regulatory proteins of PP1 (12) (13) (14) , including several inhibitor proteins that inhibit the activity of PP1 specifically. Inhibitor-1 of protein phosphatase (IPP1) is the first endogenous molecule to be found to inhibit PP1 activity, when phosphorylated by protein kinase A (PKA) at Thr-35 (15, 16) . IPP2 was isolated, together with IPP1, as a heat-stable protein from skeletal muscle extracts. IPP2 binds to the catalytic subunit of PP1 (PP1C) to make an inactive PP1 complex, PP1I. Conversion of PP1I to an active form in the complex can be induced by phosphorylation of IPP2 at Thr-72, suggesting a role for IPP2 as a molecular chaperone (17) . Human HCG V gene product inhibited the PP1 with an IC 50 of 1 nM, designated as IPP3 (18) . A novel IPP2-related PP1 inhibitory protein, IPP4, was isolated from a cDNA library of germ cell tumors (19) . The existence of these inhibitor proteins that bind to PP1C suggests that the activity of the untargeted free catalytic subunit must be kept under strict control and allows numerous cellular functions that rely on PP1 to be controlled by independent mechanisms. So, identification of novel endogenous inhibitors of PP1 will contribute to uncover how PP1 dephosphorylates thousands of proteins while allowing the level of phosphorylation of each of these proteins to be regulated independently.
In this study, we report the identification and characterization of a novel heat-stable protein, an inhibitor of PP1, named IPP5 (human inhibitor-5 of protein phosphatase 1). This protein contains a typical PP1C-binding domain and has an inhib-itory activity with an IC 50 of 45 nM in Thr-40-dependent manner. We demonstrate that IPP5 promotes G 1 /S progression in a Thr-40-dependent manner by up-regulating the expression of cyclin E and the phosphorylated form of RB protein. Silencing of IPP5 can inhibit tumor growth both in vitro and in vivo, outlining a promising approach to the design of therapeutics for the tumors highly expressing IPP5.
EXPERIMENTAL PROCEDURES
Cell Culture and Mice-All cell lines, including Raji, K562, Molt-4, HL-60, U937, NB-4, HeLa, A549, U251, HT-29, SW480, SW620, SMMC 7721, MCF-7, and PC-3, were obtained from ATCC, except the human hepatocellular carcinoma cell line SMMC 7721 (20) . All cells were grown in RPMI 1640 medium supplemented with 10% (v/v) fetal calf serum, 4.5 g/liter D-glucose, nonessential amino acids (100 M each), 100 units/ml penicillin, 100 g/ml streptomycin, and 2 mM glutamine at 37°C in a 5% CO 2 atmosphere. Athymic nude mice at 6 -8 weeks of age, female, were obtained from SIPPR-BK Experimental Animal Co. (Shanghai, China) and housed in the specific pathogen-free facility for all experiments.
Isolation of IPP5 cDNA-Full-length IPP5 cDNA was directly isolated from a human BMSC cDNA library by random sequencing as described previously (21) . A plasmid cDNA library of pCMV SPORT6.0 vector (Invitrogen) was constructed using the Superscript plasmid system (Invitrogen) for cDNA synthesis. The full-length cDNA of clone HNC5E4 appeared to encode a protein with a typical protein phosphatase 1C-binding domain, and was hence designated as inhibitor-5 of protein phosphatase 1 (IPP5). The full-length sequence is available in the GenBank TM data base under accession number AF494535.
RT-PCR and Northern Blot Analysis of IPP5 mRNA Expression-RT-PCR and Northern blotting were performed as described previously (22) . Primers specific for IPP5 were 5Ј-CTGGGCTTTTGTCGTTCAC-3Ј (sense) and 5Ј-ATG-GTCCCGCTGCTCCTCT-3Ј (antisense). Northern blot filters containing human poly(A) ϩ RNA (2 g/lane) were purchased from Clontech. Full-length IPP5 cDNA was used as a template for probe synthesis for Northern blot analysis. Filters were hybridized with the 32 P-labeled IPP5 cDNA probe in ExpressionHyb hybridization solution (Clontech). [ 32 P]dCTP was purchased from Amersham Biosciences.
Site-directed Mutagenesis-Site-directed mutagenesis was performed by PCR using Taq polymerase (United States Biochemical Co.), with a "forward" primer and the SP6 primer in one reaction and a "backward" primer and the T7 primer in another reaction. 5Ј-GCCGCCCCGCCCCTGCC-3Ј and 5Ј-GGCAGGGGCGGGGCGGC-3Ј were used as forward and backward primers to substitute Ala in place of the phosphoacceptor, Thr-40, and 5Ј-GCCGCCCCGACCCTGCC-3Ј and 5Ј-GGCAGGGTCGGGGCGGC-3Ј substituted Asp in this position. PCRs (35 cycles) were undertaken at 94°C for 30 s, for 1 min at 55°C, and for 1 min at 72°C. PCR products were purified by electrophoresis in 1% (w/v) agarose. For each mutation, equimolar amounts of products from forward and backward reactions were mixed and further amplified using only the external T7 and SP6 primers. Mutations were verified by double-stranded sequencing.
Plasmid Construction and Cell Transfection-The fulllength coding region of IPP5, the constitutively activated form of IPP5 that covers 8 -60 residues of IPP5 with the phosphoacceptor, Thr-40 mutated to Asp, and the inactive mutant with Thr-40 mutated to Ala were subcloned into the expression vector pcDNA3.1/Myc-His (Ϫ)B (Invitrogen), to give IPP5-B, p8 -60IPP5D-B, and IPP5A-B, respectively. Vectors were transfected into cells using Polyfect reagent (Qiagen) according to the manufacturer's instructions. Cells were screened under 0.8 mg/ml G418 (Merck) for 4 weeks. Individual G418-resistant colonies were determined by reverse transcription-PCR and Western blot analysis. Full-length PP1C subcloned into pcDNA3.1/Myc-His(Ϫ)B was also generated (PP1C-B).
Recombinant Expression of GST Fusion Protein and Generation of Polyclonal Antibody-The code sequences of IPP5 and its mutants were cloned in-frame into pGEX-4T3 (Amersham Biosciences). GST fusion proteins were purified using GST affinity chromatography (Pierce). Polyclonal anti-IPP5 antibody was generated in rabbits using purified full-length GST-IPP5 fusion protein as immunogen as described previously (23) . Anti-IPP5 serum was purified using protein A affinity chromatography (Pierce).
Phosphorylation 32 P]ATP, the final concentration of labeled MyBP was calibrated to 0.3 mg/ml. The dephosphorylation activity assay was performed in 30 ml of assay buffer containing 1 mg of purified PP1 protein and 1.2 mg of 32 P-labeled MyBP in the presence of various concentrations of phospho-GST fusion protein or not. After a 10-min incubation at 30°C, the reaction was terminated by addition of 200 ml of 20% trichloroacetic acid. The supernatant was used to determine the released 32 P. PP1 and PP2A phosphatase activity in IPP5-overexpressing SW480 cells were measured with the nonradioactive serine/ threonine phosphatase assay system (Promega). Cell lysates of stably transfected SW480 cells were pre-cleared with protein A-Sepharose beads (Sigma), and immunoprecipitation was performed using anti-PP2A antibody or anti-PP1 antibody which cross-linked to protein A-Sepharose beads. Samples were subjected to PP1 and PP2A activity analysis or Western blot analysis.
Generation of siRNA Plasmid Vector-For the vector expressing a hairpin small interfering RNA (siRNA) against IPP5, the single-stranded oligonucleotides specific to IPP5, 5Ј-CTGGGCTTTTGTCGTTCACAgagtactgTGTGAACGACA-AAAGCCCAGTTTTT-3Ј (sense) and 5Ј-CTAGAAAAACTGGGCTTTTGTCGTTCACAcagtactcTGTGAACGACAAA-AGCCCAG-3Ј (antisense), were synthesized, annealed, and cloned into the SalI and XbaI cloning sites of pSuppressorNeo (Imgenex). The plasmid construct (IPP5-RNAi) was then confirmed by sequencing. The control plasmid, Neo, contains a scrambled sequence that does not show significant homology to rat, mouse, or human gene sequences (Imgenex).
IPP5 RNA Interference-The colon cancer cells SW620, which highly express IPP5, were transfected with the IPP5-RNAi or Neo plasmid using Lipofectamine reagent (Invitrogen). 48 h after transfection, cells were screened under 0.8 mg/ml G418 (Merck) for 4 weeks. Individual G418-resistant colonies were subcloned as SW620/Neo and SW620/IPP5-RNAi, and the IPP5 expression was determined by RT-PCR and Western blot.
PP1 siRNA-21-nucleotide sequences of PP1 siRNA and PP1 mutation control siRNA were from Santa Cruz Biotechnology. For annealing, 20 M single-stranded 21-nucleotide RNAs were incubated in annealing buffer (100 mM potassium acetate, 30 mM HEPES-KOH, pH 7.4, 2 mM magnesium acetate) for 1 min at 90°C and then 1 h at 37°C. siRNA duplexes were transfected into SW480 colon cancer cells using Oligofectamine reagent (Invitrogen).
Assay of Cell Growth-The in vitro growth of transfected colon cancer cells was measured by [
3 H]thymidine (Amersham Biosciences) incorporation and colony formation as described previously (24) . For the in vivo evaluation of tumor cell growth, female athymic nude mice subcutaneously inoculated with ϳ1 ϫ 10 6 SW620/Neo, SW620/IPP5-RNAi, or parental SW620 were subcutaneously inoculated with ϳ1 ϫ 10 6 cells suspended in 0.1 ml of RPMI 1640 medium. Tumor growth as well as survival of colon cancer-bearing mice was monitored every 3 days. Tumor growth was measured using a caliper every 3 days, and the tumor volume was calculated as follows: V ϭ 0.4 (a ϫ b2) (V ϭ volume, a ϭ maximum tumor diameter, b ϭ diameter at 90°to a) (25) . Data collected from each experimental group were expressed as means Ϯ S.E., and analysis of variance was used for statistical analysis.
Cell Cycle Analysis-Transfected cells were serum-starved for 24 h and then treated with 10% FCS for the indicated times. The treated cells were fixed with 70% iced ethanol, treated with 20 g/ml RNase A (Sigma), stained with 20 g/ml propidium iodide, and analyzed by flow cytometry (FACSCalibur, BD Biosciences) for DNA synthesis and cell cycle status.
Co-precipitation and GST Pulldown Assay in Vitro-Cell lysates of stably transfected SW480 cells were mixed with Ni-NTA beads (Qiagen), gently agitated overnight at 4°C, washed four times in lysis buffer containing 10 mM imidazole and 0.1% Triton X-100, and subjected to Western blot analysis. For in vitro GST pulldown assay, ϳ100 g of purified GST or GST fusion proteins were immobilized on 10 l of glutathioneSepharose 4B resin that was pre-blocked with 1% bovine serum albumin and then incubated with lysates of His-labeled PP1C-transfected 293T cells for 4 h on a rotator at 4°C. After an extensive wash with lysis buffer, the bound proteins were fractionated by SDS-PAGE and subjected to Western blot analysis with anti-His antibody.
Western Blot Analysis-Cell extracts were made in cell lysis buffer (Cell Signaling), and protein samples were separated by 12% SDS-PAGE and transferred to nitrocellulose membranes. Blots were probed with antibodies specific for p21
Waf/Cip1 , p27, cyclin D1, cyclin A, cyclin E, phospho-RB, PP2A (Santa Cruz Biotechnology), PP1C (Calbiochem), His (Cell Signaling), and then with horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology). Reactive protein bands were visualized with Supersignal chemiluminescence substrate (Pierce).
Preparation of SW620-bearing Mice and Intratumoral Gene Transfer of IPP5-RNAi Vector-1 ϫ 10
6 SW620 colon cancer cells were subcutaneously inoculated into nu/nu mice. When the tumor grew to 2.5-3 mm in diameter 15 days later, the tumor-bearing mice were randomly divided into three groups with six tumor-bearing mice in one group. Naked DNA was delivered into pre-established tumors by intratumoral electroporation (25) . The survival of colon cancer-bearing mice was monitored and recorded every 3 days. Data collected from each experimental group were expressed as mean Ϯ S.E., and analysis of variance was used for statistical analysis.
Statistical Analysis-Experimental data were analyzed by analysis of variance for cell growth and tumor growth. The Student's t test was used to determine the statistical significance of the data obtained and to compare the means between groups. The Kaplan-Meier tests were generated using SPSS11.0 statistical software to compare the mouse survival between treatment and control group. A p value of less than 0.05 represented a statistically significant difference.
RESULTS
Identification and Sequence Analysis of IPP5-A novel cDNA, 1637 bp in length, containing a complete open reading frame of 351 bp with an upstream in-frame stop codon (TAA) and a putative polyadenylation signal located 18 bases upstream of the poly(A) stretch, was directly isolated from a human BMSC cDNA library as described previously (21) . The cDNA potentially encoded a 116-residue protein, with a calculated molecular mass of 13,137 daltons and an isoelectric point of 6.84. Homology analysis revealed close similarity to IPP1 (45% identity and 57% similarity), especially in the N terminus (Fig.  1A) . As with all PP1 inhibitory subunits, the novel molecule contains two conserved motifs of PP1 inhibitory subunits, including KIQF positioned on the 8th to 11th amino acids, which are required for binding and inhibition, and Thr-40 (15, 16) , which is presumed to bind at the active site when phosphorylated (supplemental Fig. S1 ). Based on its sequence similarity with IPP1 and the conservation of PP1 inhibitory features, the novel molecule was designated as IPP5. The human IPP5 cDNA is located on human chromosome 2q32.1.
Expression Pattern of IPP5 mRNA-The mRNA expression pattern of IPP5 in normal human tissues was examined by Northern blot analysis on Clontech human MTN blots. The results revealed three transcripts of about 1.1, 1.9, and 3.8 kb strongly expressed in heart and skeletal muscle, moderately in liver, and weakly in placenta (Fig. 1B) , but not in lung, kidney, pancreas, thyroid, thymus, adrenal cortex, stomach, and small intestine. Only one transcript was detected in testis. RT-PCR analysis revealed that IPP5 mRNA is expressed in a variety of tumor cells (supplemental Fig. S2, A and B) , including Raji (Burkitt's lymphoma), K562 (chronic myelogenous leukemia), Molt-4 (acute lymphoblastic leukemia), HeLa (cervix epithelioid carcinoma), A549 (lung carcinoma), U251 (astrocytoma), HT-29 (colon adenocarcinoma), and SW620 (colon adenocarcinoma). However, the message was not detected in the cells, including SW480 (colon adenocarcinoma), HL-60 (myelomonocytic), U937 (promonocytic), NB-4 (promyelocytic leukemia), SMMC 7721 (hepatocellular carcinoma), MCF-7 (breast cancer) cells, and PC-3 (prostate adenocarcinoma). Using the anti-IPP5 antibody, we also analyzed the expression of IPP5 at a protein level in several normal human tissues and cell lines ( Fig. 1C and supplemental Fig. S2C ), which was found to be similar to the expression pattern as detected by Northern blot and RT-PCR analysis.
IPP5 Associates with PP1 Catalytic Subunit and Inhibits PP1 Activity Specifically-To determine the effect of IPP5 on PP1 activity, we used an in vitro protein phosphatase assay based on substrate (MyBP) dephosphorylation. IPP5 expressed as a GST fusion protein (GST-IPP5) was purified from bacterial extracts by affinity chromatography on glutathione-Sepharose. The fusion protein was first phosphorylated by PKA to a stoichiometry of 1 mol of phosphate/mol of protein, and phosphoamino acid analysis established that the modification occurred exclusively on Thr-40 (data not shown). Then Thr-40-phosphorylated GST-IPP5 was subjected to an in vitro protein phosphatase assay. The results showed that GST-IPP5 inhibited PP1 activity with an IC 50 of ϳ45 nM (Fig. 2A) . We also expressed GST-IPP1 and explored its inhibitory role on PP1 in parallel experiments. As shown in Fig. 2A, IPP1 inhibited PP1 activity, with an IC 50 of 49 nM, similar to that of IPP5.
To explore multiple elements of the IPP5 structure contributing to its potent inhibition of PP1, sitedirected mutagenesis was used to substitute a nonphosphorylated residue, Ala, in place of the phosphoacceptor at Thr-40 (GST-IPP5A) and established the role of PKA phosphorylation for IPP5 function. Although treated with PKA as GST-IPP5, both GST and GST-IPP5A had no effect on PP1 activity ( Fig. 2A) , indicating Thr-40 is required for inhibitory effect of IPP5 on PP1 activity. To mimic the functional effects of phosphorylation, we constructed the expression vector GST-p8 -60IPP5D, which encodes the 8 -60 residues of IPP5, with an Asp in place of the Thr-40. Interestingly, without being phosphorylated by PKA, GST-p8 -60IPP5D still could inhibit the PP1 activity with an IC 50 of 110 nM, thus representing a constitutively activated fragment of IPP5 ( Fig. 2A) .
We then performed GST pulldown assay to investigate the binding of IPP5 to PP1 catalytic subunit (PP1C). Purified recombinant GST-IPP5, GST-IPP5A, or GST protein was immobilized on glutathione-Sepharose 4B resin and incubated with cell extracts of 293T cells transfected with the expression vector PP1C-B. Western blot analysis showed that PP1C was retained by both GST-IPP5 and GST-IPP5A but not by GST protein (Fig. 2B) . Taken together, these results demonstrate that IPP5 inhibits PP1 activity in a phosphorylated Thr-40-dependent manner. However, the association of IPP5 with PP1C was largely independent of the IPP5 phosphorylation state. The binding of both IPP5 and IPP5A with PP1C suggested that distinct elements of IPP5 structure account for PP1 binding and inhibition.
In addition, the effect of IPP5 on PP2A phosphatase activity has been investigated to determine whether its inhibitory effect is specific for PP1. Cell lysates of IPP5-B stably transfected SW480 cells were pre-cleared with protein A-Sepharose beads, Three bands of about 1.1, 1.9, and 3.8 kb were seen on human MTN blots (Clontech). C, cell lysates of several normal human tissues were analyzed by Western blot using anti-IPP5 antibody.
and immunoprecipitation was performed using anti-PP2A antibody or anti-PP1 antibody, which cross-linked to protein A-Sepharose beads. IPP5 was detected in the immunoprecipitates of SW480/IPP5 transfectants precipitated with anti-PP1 antibody but not in that precipitated with anti-PP2A antibody (supplemental Fig. S3A ). This specific interaction was further confirmed using anti-His antibody. Lysates of SW480 cells stably transfected with IPP5-B, IPP5A-B, or control vector were co-precipitated using Ni-NTA beads. The precipitates were resolved by SDS-PAGE and probed for PP1C or PP2A. As shown in Fig. 2C , both IPP5 and IPP5A co-precipitated with PP1 but not with PP2A. Furthermore, overexpression of IPP5 inhibited PP1 phosphatase activity (Fig. 2D) , whereas overexpression of IPP5 had no effect on PP2A phosphatase activity (supplemental Fig. S3B ). Our data provide definite evidence that IPP5 specifically associates with PP1 and inhibits PP1 activity.
IPP5 Promotes in Vitro Growth of Human Colon Carcinoma Cells-PP1
has been demonstrated to participate in the growth control process through regulating the phosphorylation of cell cycle-related protein (26, 27) . Because IPP5 can inhibit PP1 phosphate activity, we selected IPP5-negative SW480 and IPP5-highly expressing SW620 human colon carcinoma cells (supplemental Fig. S2, B and C) as a cell model to investigate the role of IPP5 in the regulation of cell growth. First, IPP5-negative SW480 cells were stably transfected with wide type (IPP5-B) , the inactive mutant (IPP5A-B), the constitutively activated form (p8 -60IPP5D-B), or mock control, respectively. RT-PCR and Western blot confirmed the overexpression of IPP5 in SW480 stable transfectants (Fig. 3A) . [ 3 H]Thymidine incorporation assay and methylcellulose colony forming assays showed both IPP5 and the constitutively activated form of IPP5 (p8 -60IPP5D) promoted the in vitro growth of SW480 cells significantly (Fig. 3, B and C) . But IPP5A, the inactive mutant with an Ala in place of the threonine (Thr-40), had no effect on tumor cell growth. Furthermore, the constitutively activated form of IPP5 (p8 -60IPP5D) promoted tumor cell growth more significantly than wide type IPP5. Besides, it is interesting that isoproterenol (used to elevate intracellular cAMP) could induce more significant proliferation of IPP5-overexpressing SW480 cells (supplemental Fig. S4 ). To determine the promotion of in vitro growth of SW480 cells by IPP5 transfection is a direct consequence of IPP5 expression, IPP5-highly expressing SW620 cells were stably transfected with IPP5-RNAi or Neo plasmids. The expression of IPP5 in SW620 cells was almost completely inhibited (Fig. 3D) . As shown in Fig. 3 , E and F, silencing of IPP5 markedly inhibited the growth of SW620 cells, suggesting that RNA interference of IPP5 protein expression could directly impair IPP5-promoting tumor cell growth. These results demonstrated that IPP5 could promote in vitro growth of the human colon cancer cells in Thr-40-dependent manner.
Silencing of IPP5 Suppresses in Vivo Growth of Human Colon Carcinoma Cells-Because silencing of IPP5 could inhibit in vitro growth of human colon carcinoma SW620 cells, we wondered whether IPP5 silencing could inhibit the growth of IPP5-expressing tumor cells in vivo. First, we observed the tumorigenicity of IPP5-silenced SW620 cells (SW620/IPP5-RNAi) subcutaneously inoculated into nude mice. As shown in Fig. 4A , the in vivo growth of IPP5-silenced SW620 cells was slower than that of control cells, including SW620/Neo and parental SW620 cells. Accordingly, the survival of nude mice bearing SW620/IPP5-RNAi was prolonged more significantly than that of nude mice bearing SW620/Neo or parental SW620 cells (Fig.  4B) . The data indicated that silencing of IPP5 can reduce the tumorigenicity of human colon cancer cells. Expression of IPP5 in the tumor tissue was analyzed to confirm the efficacy of the A, effects of GST-IPP5 and its mutants on PP1 activity. The GST fusion proteins were expressed in Escherichia coli and purified on a glutathione-Sepharose column. Phosphatase activity was assayed using 32 P-MyBP as a substrate and expressed as a percentage of the activity in the absence of inhibitors. B, GST pulldown assay for in vitro binding of IPP5 to PP1C. GST fusion proteins were immobilized on the glutathione-Sepharose 4B beads. After incubation with the lysates of cells transfected with PP1C-B or mock for 4 h at 4°C, agarose pellets were extensively washed and subjected to SDS-PAGE. C, specific binding of IPP5 to PP1 in vivo. Lysates of His-labeled IPP5 or IPP5A-transfected SW480 cells were co-precipitated (CP) with Ni-NTA beads. Beads were collected by centrifugation, and samples were immunoblotted with anti-PP1, anti-PP2A, or anti-IPP5 antibody. D, IPP5 inhibits PP1 phosphatase activity. Cell lysates of stably transfected SW480 cells were pre-cleared with protein A-Sepharose beads (Sigma), and immunoprecipitation was performed using anti-PP1C antibody cross-linked to protein A-Sepharose beads. Samples were subjected to PP1 phosphatase activity analysis using the nonradioactive serine/threonine phosphatase assay system. *, p Ͻ 0.01 versus SW480/mock. (Fig. 4C) . Next, we investigated whether intratumoral knockdown of IPP5 expression could inhibit the in vivo growth of parental SW620 cells in nude mice. IPP5-RNAi or Neo plasmid DNA was electrophoretically transferred in vivo into pre-established SW620 tumors. As shown in Fig.  4D , intratumoral knockdown of IPP5 expression prolonged the survival of SW620-bearing nude mice more significantly than the controls. Therefore, silencing of IPP5 suppresses the growth of pre-established human colon carcinoma in nude mice. (Fig.  5B) . However, neither control (Neo) transfection nor silencing of IPP5 significantly affected the percentage of the sub-G 0 /G 1 apoptotic cells in SW620 cells. Moreover, annexin V/propidium iodide assays confirmed the lack of apoptotic death induction in the IPP5-silenced SW620 cells (data not shown). Collectively, these findings demonstrate that silencing of IPP5 affects the transition of cells from the G 1 to the S phase rather than affecting their viability, suggesting that IPP5 promotes tumor cell growth through accelerating the G 1 -S transition. Moreover, PP1 siRNA was used to down-regulate the PP1 expression in SW480 transfectants, and we found that silence of PP1 almost completely reversed the promoting effect of IPP5 on G 1 -S transition in SW480 colon cancer cells (Fig. 5C ), indicating that IPP5 accelerates G 1 -S transition by specifically inhibiting PP1 activity.
RNAi construct in vivo

IPP5 Promotes G 1 -S Transition in Human Colon Cancer Cells-
IPP5 Up-regulates Expression of Cyclin E and Hyperphosphorylated Form of RB-The cyclin-CDK complex plays an important role in regulating cell cycle progression. The promotion of the G 1 -S transition by IPP5 suggested the involvement of IPP5 in maintaining or modulating the function of G 1 -S regulatory proteins. The cellular levels of both negative and positive regulators of G 1 progression and G 1 -S transition (27) were therefore determined in IPP5-overexpressed cells. IPP5-negative SW480 cells that were stably transfected with IPP5-B, IPP5A-B, p8 -60IPP5D-B, or mock vector were serum-starved for 24 h and then stimulated with 10% FCS for the indicated time. The levels of early G 1 cyclins like cyclin D1 and the late G 1 cyclin like cyclin E (27) were examined. Of the two cyclins analyzed, the dramatically increased level of cyclin E was detected in p8 -60IPP5D-B transfectants and the moderately increased level of cyclin E in IPP5-B transfectants (Fig. 6A) . The negative regulators of cell cycle progression p27 and p21
Waf/Cip1 was not altered by the overexpression of both IPP5 and p8 -60IPP5D (data not shown).
CDK2 associates with cyclin E to constitute kinase active complexes during G 1 -S phase progression (28, 29) . The complexes are engaged in the onset and maintenance of the phosphorylation state of RB. Phosphorylation of RB releases E2Fs (30) , which in turn activates transcription of genes involved in the onset and regulation of DNA replication (31) . We therefore checked the phosphorylation state of RB in the transfectants of SW480 cells. We found that the level of total RB remained unchanged, whereas the level of phosphorylated RB significantly increased in the p6 -80IPP5D-B transfectants (Fig. 6A) . Notably, IPP5A with the Thr-40 mutated to Ala had no effect on any of the above-described events, except its association with PP1C, indicating Thr-40 is necessary for the role of IPP5 in inhibiting PP1 and promoting G 1 -S transition. On the other hand, silencing of IPP5 expression in SW620 cells decreased the level of cyclin E expression and the phosphorylated RB (Fig. 6B) . Taken together, our findings suggest IPP5 up-regulates expression of cyclin E and hyperphosphorylated form of RB, leading to G 1 -S transition, and that the conserved region of Thr-40 domain appears to play a vital role in this biological activity of IPP5.
DISCUSSION
Protein phosphatase 1 (PP1) is a major eukaryotic protein serine/ threonine phosphatase that regulates an enormous variety of cellular functions through the interaction of its catalytic subunit, with over 50 different established or putative regulatory subunits that serve to localize PP1 to specific microenvironments in the cell (12) (13) (14) . PP1 is also inhibited by several heat-stable inhibitor proteins, including inhibitor-1 (IPP1), its neuronal analogue DARPP-32 and inhibitor-2 (IPP2), human HCG V gene product (IPP3), and IPP2-related PP1inhibitor protein (IPP4) (15) (16) (17) (18) (19) . We report here the molecular cloning and characterization of a new inhibitor of the PP1, IPP5 from human BMSC. IPP5 can specifically associate with the PP1 catalytic subunit and inhibit PP1 activity with similar potency of IPP1. Furthermore, IPP5 may promote tumor cell growth by accelerating G 1 -S transition.
Association of inhibitor proteins with PP1C was recognized, nearly 2 decades ago, to involve at least two sites for binding to PP1C. The N-terminal sequence of IPP1 is required for binding and inhibition, together with phospho-Thr, which is presumed to bind at the active site (15) . Synthetic peptides and mutation of IPP1 and DARPP-32 identified an N-terminal KIQF motif preceded by basic residues that is required for inhibition and conserved in IPP1 (32, 33) . Sequence analysis revealed that IPP5 shares significant homology to IPP1, especially in the N terminus. IPP5 contains KIQF in position on the 8th to 11th amino acids and Thr-40, which are two conserved motifs in PP1 inhibitory subunits. The in vitro protein phosphatase assay showed that, only upon PKA phosphorylation, GST-IPP5 fusion protein inhibited PP1 activity wit an IC 50 of 45 nM. We substituted a nonphosphorylated residue, Ala, in place of Thr-40 in IPP5. This not only abolished IPP5 phosphorylation by PKA but the mutant IPP5 (IPP5A) at concentrations up to 5 M failed to inhibit PP1 activity. These data show that IPP5 has a strict requirement for PKA phosphorylation of Thr-40 for phosphatase inhibitor activity. However, the association of IPP5 with PP1 binding was largely independent of IPP5 phosphorylation state and Thr-40, indicating that distinct elements of IPP5 structure accounted for PP1 binding and inhibition. The constitutive activated form of IPP5, which encodes 8 -60 residues in the N terminus with an Asp in place of the phosphoacceptor Thr-40 to mimic the functional effects of phosphorylation, p8 -60IPP5D, could inhibit PP1 activity without phosphorylation by PKA. Maybe Asp substituting for Thr-40 results in structural changes in IPP5 that induces its phosphatase inhibitor activity. In addition, we detected the presence of IPP5 in the immunoprecipitates of SW480/IPP5 and SW480/ IPP5A transfectants precipitated with anti-PP1 antibody but not with anti-PP2A antibody. Using anti-His antibody, IPP5 was also found to be co-precipitated with PP1 but not with PP2A. Moreover, IPP5 has no effect on PP2A phosphatase activity. All of these data demonstrate that the inhibitory effect of this novel protein is specific for PP1.
The idea that phosphatases may be involved in growth control was generated when it was realized that a marine toxin, okadaic acid, is a powerful tumor promoter (34) and a specific inhibitor of PP1 (35) . Now it is demonstrated that PP1 inhibits cell growth through opposing the action of CDKs, which drive cell cycle progress by multiple phosphorylations of key regulatory proteins (9, 10) . As the inhibitor of the PP1, IPP5 here displayed a promoting effect on human colon cancer cell growth, whereas silencing of IPP5 inhibited colon cancer cell growth both in vitro and in vivo. Further study demonstrated overexpression of IPP5 accelerated the G 1 -S transition in colon cancer cells SW480 in Thr-40-dependent manner, which was reversed by down-regulation of the PP1 expression. The constitutively activated mutant p8 -60IPP5D showed much more promoting potential than the wide type of IPP5. On the other hand, silencing of IPP5 expression induced growth inhibition of SW620 cells with G 0 /G 1 cell cycle arrest.
It is well established that the dephosphorylated form of RB is associated with the G 0 /G 1 phase and that RB phosphorylation is required to permit passage from G 1 to S phase (30) . Cyclin E-cdk2 activity is engaged in the onset and maintenance of the phosphorylation state of RB and required for progression from G 1 to S phases (28, 29) . We observed here the up-regulation of cyclin E and the hyperphosphorylated form of the RB protein in the IPP5-overexpressing SW480 cells and down-regulation of cyclin E and the phosphorylated level of RB in the IPP5-silenced SW620 cells. Importantly, IPP5A with Ala in place of Thr-40 has no effect on the above-described events, including PP1 inhibition, G 1 -S promotion, and RB phosphorylation. Considering the accumulated evidence that PP1 dephosphorylated RB in vivo (36 -38) and constitutively active PP1 caused cell cycle arrest in an RB-dependent manner (10, 38) , we speculate that IPP5 overexpression suppresses the PP1 activity, and this PP1 inhibition con- (IPP5-B) , the constitutive activated form of IPP5 (p8 -60IPP5D), or mock vector, respectively. Stable transfectants of SW480 cells were serum-starved for 24 h, and then stimulated with 10% FCS for the indicated time, and propidium iodide staining was used to analyze cell cycle distribution. The displayed result is representative of three independent experiments. B, silencing of IPP5 arrests human colon cancer cells at G 0 /G 1 phase. IPP5-silenced SW620 cells were treated and analyzed as described in A. C, SW480/mock and SW480/IPP5 cells were transfected with PP1-specific siRNA or mutated control using Oligofectamine reagent. 48 h later, cells were harvested and subjected to analysis of cell cycle distribution.
tributes most probably to the blockade of the RB suppressive activity, during G 1 progression in malignant cells, ultimately leading to G 1 -S transition.
In summary, we have cloned and characterized a novel specific inhibitor of the protein phosphatase 1, IPP5, which promotes tumor cell growth in a phospho-Thr-40-dependent manner. The underlying mechanisms are related to the up-regulation of cyclin E expression and the hyperphosphorylated form of RB, leading to G 1 -S transition. Silencing of IPP5 can significantly inhibit the growth of human colon cancer cells both in vitro and in vivo, thus outlining the possibility that IPP5 may be a new target for the therapeutics of cancer highly expressing IPP5.
